The effect of 16 different day (DT) and night (NT) temperature combinations (DT and NT 12, 17, 22 and 27°C) on rosette leaf growth,¯ower stem elongation and¯owering time in Arabidopsis thaliana Ler was investigated. Final leaf length decreased with increasing NT due to a combination of reduced elongation period and reduced elongation rate. Final stem length increased with increasing DT due to increased elongation rate, and decreased with increasing NT due to a decrease in elongation period. Under NT 27°C, however, stem elongation rate increased greatly, resulting in the same ®nal stem length as under NT 12°C. The transition to¯owering was accelerated by increasing NT. A linear regression analysis was performed to clarify the relationship between ®nal leaf length, ®nal stem length and¯owering time with DIF (DT minus NT) and/or ADT (average daily temperature). For all three variables, the effect of DIF depended on ADT and vice versa. The relationship of ®nal stem length with DIF also depended on the temperature range. Increased cell volume in¯ower stems developing at DT/NT 22/12°C gave rise to longer and thicker stems compared with stems developing at DT/NT 12/22°C. GC±MS analysis (gas chromatography±mass spectrometry) showed that the endogenous level of IAA was 56 % higher in stems grown under DT/NT 22/12°C compared with DT/NT 12/22°C. Of the 12 gibberellins analysed, however, only the level of non-bioactive GA 29 was affected by the temperature treatment.
INTRODUCTION
Plants given the same average daily temperature (ADT) can show different growth patterns due to differences in day and night temperatures (DT and NT). Went (1944) introduced the term`thermoperiodism' to describe the effect of alternating DT and NT on various plant responses. This diurnal variation in temperature in¯uences internode length, plant height, petiole and¯ower stem length, chlorophyll content, leaf and shoot orientation and¯owering (Myster and Moe, 1995) . Erwin et al. (1989) studied the effects of 25 different DT and NT combinations on the growth of Lilium longi¯orum. They concluded that stem elongation and leaf orientation were in¯uenced more by the difference (DIF) between DT and NT than by absolute DT and NT. Many subsequent studies on a wide range of plant species, most of them performed out of horticultural interest, also concluded that DIF is a signi®cant factor in determining stem extension responses. DIF has become a valuable concept in providing growers with a simple and effective way of calculating elongation responses to temperature (Erwin and Heins, 1995) . Generally, plants elongate more when DT is warmer than NT (positive DIF) compared with the opposite regime where DT is cooler than NT (negative DIF). However, DT and NT affect the¯owering time of plant species differently (Myster and Moe, 1995) .
The physiology behind thermoperiodic elongation responses in plants is still unclear. Past studies on the cellular anatomy of fully grown internodes have shown that DIF exerts its growth effect via changes in cell length (Erwin et al., 1994) , or both cell length and number of cells (Strùm and Moe, 1997) . In general, enhanced cell elongation and division are related to hormonal factors. Gibberellins (GAs) are a class of essential growth hormones that regulate cell elongation and cell division, but auxin (IAA) also regulates cell size (Yang et al., 1996) .
Genetic approaches, using GA mutants, have provided insight into the involvement of GA in thermoperiodic control of stem elongation (Grindal et al., 1998b) . Exogenously applied bioactive GAs have also been found to reduce or eliminate the inhibition of stem elongation by negative DIF (Grindal et al., 1998a; Myster et al., 1997b) . Furthermore, from analysis of endogenous GA levels, it has been suggested that alternating NT and DT affects certain steps in the early 13-hydroxylation pathway for the biosynthesis of GA 1 (Jensen et al., 1996) and the 2b-hydroxylation pathway that inactivates GA 1 to GA 8 (Grindal et al., 1998b) . In Arabidopsis thaliana and other long-day (LD) rosette plants, it has been shown that photoperiodic control of stem elongation is mediated by GAs Zeevaart et al., 1993; Xu et al., 1997) .
No studies on the effects of diurnal temperature variations on growth and development in the widely used model plant A. thaliana have been reported. A. thaliana is a rosette annual species with separate vegetative and reproductive growth phases. The present study investigates the responses to 16 different combinations of four DTs and NTs, in respect of stem elongation, leaf growth and¯owering time in A. thaliana Ler. One of the objectives was to determine the effects of absolute DTs and NTs at the plant level, and to see whether this could be related to DIF and/or ADT. Furthermore, a study of the¯ower stem at the cellular and hormonal levels was performed on plants grown at two opposite DT/NT combinations.
MATERIALS AND METHODS
Plant material and growth conditions during pre-cultivation (Table 1) Seeds of Arabidopsis thaliana (L.) Heynh., ecotype Landsberg erecta (Ler), were strati®ed in darkness at 4°C for 3 d on ®lter paper saturated with water. Seeds were then transferred to 10-cm pots ®lled with a moistened 3 : 1 mixture (v/v) of standard fertilized peat (Floralux, Nittedal torvindustri A/S, Nittedal, Norway) and Perlite. Plants were grown in a glasshouse compartment at 22°C and short days (SD) (10-h photoperiod), one seedling per pot for growth and¯owering time studies, three seedlings per pot for cellular studies and ®ve seedlings per pot for GA and IAA analysis. At a photon¯ux density (PPFD) (400±700 nm) of 100 mmol m ±2 s ±1 or lower, measured at rosette level, natural daylight was supplemented with high-pressure sodium (HPS) lamps giving 130 mmol m ±2 s ±1 . Daylight was reduced to 70 % with curtains (JLS-70; AB Ludvik Svenson, Gothenburg, Sweden) at 300 mmol m ±2 s ±1 or higher. Water pressure de®cit was 0´66 kPa, and plants were irrigated with ordinary tap water. In the study of leaf growth and¯owering time, pre-cultivation ended after 14 d when the plants had two true leaves with petioles. For growth and cell studies, and quanti®cation of GAs and IAA in the¯ower stem, the plants were grown for 14 d under SD, followed by natural day length (about 17-h photoperiod, May 2000, N59°) until they showed the ®rst sign of bolting (10 d).
Growth conditions during the experimental period (Table 1) After pre-cultivation, the plants were transferred to four controlled environment cabinets (Conviron, Controlled Environments Ltd, Winnipeg, Canada), each maintained at a constant temperature of 12, 17, 22 or 27°C (T 1°C). Day (12 h) and night (12 h) periods were controlled by turning the lights on and off. The 16 different day and night temperature combinations shown in Table 1 were provided by moving the plants to their respective temperature regimes twice daily, at the start and end of each photoperiod. Light was provided by white¯uorescent tubes (F96T12/CW/1500; General Electric, USA) combined with incandescent lamps (60 W; Osram, Drammen, Norway). A PPFD (400±700 nm) of 196 T 8 mmol m ±2 s ±1 was measured at rosette level. The plants were watered as required, and every 2 weeks fed with a complete nutrient solution (electrical conductivity = 1´5 mS cm ±1 ). The water pressure de®cit was 0´55 T 0´04 kPa at all temperatures. For cell studies and quanti®cation of IAA and GAs in the¯ower stem, plants were grown under the DT/NT combinations 22/ 12°C and 12/22°C only.
Growth measurements
All growth measurements were made on four to six plants from each treatment, and the experiment was repeated once. Leaf growth was recorded for true rosette leaf number ®ve by measuring the length of the whole leaf (leaf lamina and petiole) and the maximum width of the leaf lamina, using a The temperature during pre-cultivation was 22°C for all plants.
digital slide calliper. Leaf length was measured every second day until the leaf stopped growing. Leaf width was measured at ®nal leaf length, in only one replicate. The transition from vegetative to reproductive growth, here referred to as`¯owering time', was measured in two ways. First, by counting the number of days from transfer to experimental conditions to the macroscopic appearance of ower buds in the centre of the rosette and, secondly, by counting the number of primary leaves (length b5 mm) in the rosette at the same time. The length of the primary in¯orescence shoot, here called the (¯ower) stem, was measured each day until it stopped increasing. The length measured, using a ruler, was the distance from the base to the ®rst¯ower on the stem. The elongation period was de®ned as the number of days from the start of the temperature treatment to achievement of the ®nal length (T1 mm and T0´5 mm for stem and leaf, respectively). The elongation rate for this period (mm day ±1 ) was then calculated.
Cellular study of the stem
Fresh, fully developed¯ower stems grown at DT/NT 22/ 12°C and DT/NT 12/22°C were harvested when they had stopped elongating. Sample sections (10 mm) from ten plants were taken from the middle part of the stems, between the base and the ®rst¯ower, from each treatment in two independent experiments. Within each treatment, ®ve random samples were selected for cross-sections and ®ve for longitudinal sections, and ®xed in 2 % paraformaldehyde and 1´25 % glutaraldehyde in 50 mmol L ±1 Lpiperazine-N-N¢-bis(2-ethane sulfonic) acid buffer (pH 7´2) for 24 h at room temperature. Fixed tissue was rinsed in the same buffer and dehydrated in an ethanol series (70±80±90± 96±4 Q 100 %). Samples for light microscopy (LM) were in®ltrated with LR white acrylic resin (TAAB Laboratories Equipment Ltd, Berkshire, UK), and polymerized at 60°C for 24 h. Semi-thin (1±2 mm) sections were cut with a diamond knife. The sections were dried on silanated slides, stained with Stevenel's blue (del Cerro et al., 1980) , mounted with immersion oil, and imaged and analysed in a Leitz Aristoplan light microscope using video microscopy (Leica DC 100) and digital image processing (Image Pro Plus, ver. 3´0). Epidermal cells, cortical cells (the two outermost layers) and pith cells (the middle of the pith) were sampled from the longitudinal sections and the length of the cells of ®ve random areas on each section measured (n b 30). Epidermal and pith cell areas and pith cell numbers were recorded from cross-sections. Epidermal cell areas from three random areas on each section were measured. Areas and numbers of pith cells were recorded along two lines across the centre of the pith.
Quanti®cation of GAs and IAA
Flower stems of A. thaliana grown at DT/NT 22/12°C and DT/NT 12/22°C were harvested after 5 d of temperature treatment, when the plants were predicted to be on the linear portion of the elongation curve and to be growing at maximum elongation rate. Mean stem height was 33 T 4 mm (19±25 % of ®nal length) under DT/NT 22/12°C and 17 T 2 mm (17±21 % of ®nal length) under DT/NT 12/22°C. Each sample consisted of stem tissue from 11±16 plants (1´2±2´5 g f. wt) and included the whole primary stem with leaves, side shoots and¯owers. Samples were immediately frozen in liquid nitrogen, freeze-dried and stored at ±70°C. The samples were processed to a homogenous powder before cold 80 % (v/v) ethanol and internal standards, [17,17-2 H 2 ]-GAs (25±50 ng) and [ 13 C 6 ]-IAA (50 ng), were added. GAs and IAA were extracted overnight at ±20°C. Sample puri®cation and GC±MS analysis (gas chromatography±mass spectrometry) were as described by Junttila et al. (1997) , except that the step involving polyvinylpolypyrrolidone was omitted. Measurements were made twice for each of the two replicates.
Statistical analysis
Analysis of variance using the general linear model procedure in Minitab was performed separately for each response (e.g. ®nal leaf length, ®nal stem length) and the signi®cance for each model factor evaluated. The respective effects of DT and NT were assessed by analysis of the 4 Q 4 factorial treatment set given by combinations of the temperatures 12, 17, 22 and 27°C. Responses were calculated by averaging the effects of a speci®c DT over the four NTs, and of a speci®c NT over the four DTs. The DT Q repeat and NT Q repeat interactions were pooled together with the higher order interaction DT Q NT Q repeat as residual error. Linear regression analysis was performed using the regression procedure in Minitab. In the second replicate of the cellular study of the stem, the pith was hollow which made it impossible to measure pith cell length and area. A two-sample t-test was thus used to test for signi®cant treatment effects. To cope with the possible unequal variances and non-Gaussian distribution of the area data, a non-parametric bootstrap method (Efron and Tibshirani, 1993) was implemented in Matlab (MathWorks Inc.). In the cases of two replicates, a two-way analysis of variance (ANOVA) was used to test for signi®cance.
RESULTS

Leaf growth
Final leaf length decreased signi®cantly with increasing NT, and was 20 % longer at NT 12°C than at NT 27°C (Table 2) . DT had no signi®cant effect on ®nal leaf length (Table 2 ). There was no evident effect of either DT or NT on leaf width (data not shown).
Leaf elongation followed a sigmoid pattern for all 16 DT/ NT combinations (Fig. 1) . DT signi®cantly affected both the elongation period and the elongation rate, although in opposite ways; the period decreased with increasing DT, whereas the rate increased with increasing DT (Table 2) . Neither the period nor the rate was signi®cantly affected by NT, but both (especially the rate) tended to decrease as NT increased (Table 2) . Figure 2A and B shows A. thaliana rosette plants grown at DT/NT 22/12°C (positive DIF) and at DT/NT 12/22°C (negative DIF), both with ADT 17°C. A linear regression analysis showed signi®cant effects of DIF (P = 0´01), ADT (P`0´001) and the interaction DIF Q ADT (P = 0´035) on ®nal leaf length. The resulting regression model was used to estimate ®nal leaf length (Fig. 3) . Final leaf length was estimated to increase with increasing DIF, the effect being greater under cool than under warm ADTs (Fig. 3) . Furthermore, ®nal leaf length was estimated to be unaffected by ADT at ±10 DIF. At higher DIF, however, the length was estimated to decrease with increasing ADT, the negative effect being stronger as DIF increased (Fig. 3) .
Stem elongation
Final stem length decreased signi®cantly with increasing NT in the temperature range 12±22°C, and was 18 % longer at NT 12°C than at NT 22°C. However, at NT 27°C, ®nal stem length was about the same as under NT 12°C. Furthermore, ®nal stem length increased with increasing DT, being 40 % higher at DT 27°C compared with DT 12°C (Table 3) .
Like leaf elongation, stem elongation followed a sigmoid pattern for all 16 DT/NT combinations (Fig. 4) . Elongation period was signi®cantly in¯uenced by the interaction between DT and NT. Increased NT reduced the elongation period, although the effect was less at warmer DTs (Table 3) . The elongation rate increased signi®cantly with increasing DT (Table 3) . It also increased signi®cantly with increasing NT, although the increase occurred only at NT 22°C and, even more, at NT 27°C.
A linear regression analysis showed signi®cant effects of DIF, ADT and the interaction DIF Q ADT on ®nal stem length (all with P`0´001). The resulting regression model was used to estimate ®nal stem length (Fig. 5) . At low ADT, ®nal stem length was estimated to increase rapidly with increasing DIF, whereas under high ADT, ®nal stem length was estimated to decrease. Furthermore, under negative and zero DIF, ®nal stem length was estimated to increase with increasing ADT whereas, under positive DIF, the effect of ADT was estimated to be zero or only slightly negative. Removing ADT and DIF Q ADT from the model, thus leaving DIF as the only variable, resulted in a model that explained only 33 % of the variation (r 2 = 0´33). However, a close (r 2 = 0´90) positive relationship was found when NT 27°C values were excluded from the analysis (Fig. 6) .
When comparing A. thaliana plants grown under the same ADT, plants grown at the two DT/NT combinations 22/12°C (positive DIF) and 12/22°C (negative DIF) showed the biggest differences in ®nal stem length ( Fig. 2C  and D) , and were, therefore, chosen for further cellular and hormonal studies.
Cellular studies of the stem
Flower stems grown at DT/NT 12/22°C were signi®-cantly thinner than those grown at DT/NT 22/12°C (Table 4 and Fig. 2E and F) . However, the stems had approximately the same number of vascular bundles, and an epidermal layer surrounding a cortex of about four or ®ve layers of chlorenchyma cells irrespective of the temperature treatment ( Fig. 2E and F) . To clarify the difference in cell size, the areas of pith and epidermal cells were measured from cross-sections (Table 4 ). The distribution of pith and epidermal cell sizes is shown in Fig. 7A and B. A higher portion of large cells of both types were produced when the stems were grown at DT/NT 22/12°C compared with DT/NT 12/22°C. In addition, a tendency towards fewer pith cells was found in the cross-section taken from DT/NT 12/22°C stems, although the difference was not signi®cant at the 5 % level (P = 0´093).
Compared with DT/NT 22/12°C, there was a reduction in cell length in plants grown at DT/NT 12/22°C. However, the reduction was found only in epidermal and pith cells. Both cell types were about 20 % shorter in stems grown at DT/NT 12/22°C compared with DT/NT 22/12°C (Table 4) . Cortical cell length was similar in both treatments. There was a 33 % and a 35 % reduction in the volume of epidermal and pith cells, respectively, at DT/NT 12/22°C compared with DT/NT 22/12°C.
Endogenous GA and IAA levels in stem tissue
There was no difference in total endogenous GA level in stem tissue between the two temperature treatments DT/NT 12/22°C and DT/NT 22/12°C (P = 0´486) and, of the 12 GAs measured (53, 44, 19, 20, 29, 1, 15, 37, 24, 9, 4 and 34) , only GA 29 was affected signi®cantly by temperature (Table 5 ). The endogenous level of GA 29 in stem tissue was approx. 70 % higher under DT/NT 12/22°C than under DT/ NT 22/12°C. The mean endogenous content of the GAs in the non-13-hydroxylation pathway (GA 15 ®GA 24 ® GA 9 ®GA 4 ) was ®ve-fold higher (P`0´001) than the mean content of the GAs in the parallel 13-hydroxylation pathway (GA 53 ®GA 44 ®GA 19 ®GA 20 ®GA 1 ). GA 8 was not detected in this experiment. The endogenous level of the auxin IAA in stem tissue was signi®cantly higher (56 %) under DT/NT 22/12°C than under DT/NT 12/22°C (Table 5) .
Flowering time
Both the number of rosette leaves at visible bud and the time to visible bud were signi®cantly in¯uenced by the interaction between DT and NT. The number of leaves and number of days decreased as NT increased, although the effect was less at warmer DT. The effect of NT was generally greater than the effect of DT (Table 6) . A linear regression analysis showed a signi®cant effect of ADT and the interaction DIF Q ADT (both with P`0´001) on owering time (number of rosette leaves at the time of visible bud). The resulting model was used to estimatē ower induction (Fig. 8) . Flower induction was estimated to accelerate with increasing ADT, the effect being greater as DIF decreased. Flower induction was estimated also to accelerate as DIF decreased, although the effect of DIF was not statistically signi®cant (P = 0´173).
DISCUSSION
Elongation affected by DT and NT
Final stem length in A. thaliana increased with increasing DT and, in the temperature range 12±22°C, it decreased with increasing NT (Table 3) . Similar stem elongation responses to DT and NT were found in Lycopersicon esculentum (Went, 1944) , Lilium longi¯orum and Fuchsia Q hybrida (Erwin et al., 1991) .
The effect of DT and NT on ®nal leaf length was somewhat different from the effect on ®nal stem length. Like ®nal stem length, ®nal leaf length decreased with increasing NT (Table 2 ). However, DT had no effect on ®nal leaf length. These effects of DT and NT on leaf length in A. thaliana were also seen in L. longi¯orum . Furthermore, temperature affected stem elongation more strongly than leaf elongation in A. thaliana; the biggest difference in ®nal length among the 16 DT/NT combinations being only 36 % for leaves but 73 % for stems (Tables 2 and 3 , respectively). In A. thaliana, both the period and rate of elongation were in¯uenced by temperature (Tables 2 and 3 ). However, which factor was decisive for the change in ®nal length was different in the plants' responses to DT and NT. For example, ®nal stem length increased with increasing DT due to a faster elongation rate and not through a change in elongation period. However, the decrease in ®nal stem length when NT increased was due to a reduction in elongation period. Similar effects of DT and NT were shown for the elongation pattern in Dendranthema grandi¯ora (Carvalho et al., 2002) .
For cellular, hormonal and growth studies of the¯ower stem, all plants were pre-cultivated at the same temperature (22°C) until the plants showed the ®rst sign of bolting (24 d). However, such a strategy complicates the interpretation of the results since plants transferred to experimental conditions of DT and/or NT 12±17°C, unlike plants transferred to 22±27°C, would have required some time to adapt to these lower temperatures. This problem should be of less importance for the measurements of leaf growth and¯owering time since, in this case, the pre-cultivation period was much shorter (14 d). 
Elongation related to DIF and ADT
Most DT and NT studies on plant growth have been performed out of horticultural interest. As DIF is a concept valuable in providing growers with a simple and effective way of calculating elongation response to temperature, most of these studies have explained the temperature responses in relation to DIF. In the present study of A. thaliana, both ®nal leaf length and ®nal stem length showed a poor relationship to DIF alone (r 2 = 0´25 and r 2 = 0´33, respectively). In the temperature range 12±27°C, the effects of DT and NT on elongation were not equal in magnitude and not consistently opposite in sign, both of which are necessary for a high correlation to DIF. However, when all NT 27°C values were excluded from the analysis, a close positive linear relationship (r 2 = 0´90) was found between ®nal stem length and DIF (Fig. 6) . Carvalho et al. (2002) came to a similar conclusion for ®nal internode length of D. grandi¯ora; the positive relationship to DIF was close only within a certain temperature interval, when the positive effect of DT on ®nal internode length was compensated by a similar negative effect of NT, resulting in equal length at the same DIF. By contrast, Langton and Cockshull (1997) found no relationship between DIF and internode length in D. grandi¯ora. However, internode lengths were recorded after a ®xed interval of 10 d, and these were later shown not to correlate with the ®nal internode lengths (Carvalho et al., 2002) . Likewise, the present measurements on leaf length (Fig. 1 ) and stem length (Fig. 4) demonstrate that comparisons between two temperature treatments are strongly timedependent.
Whether or not NT 27°C values were included, for a full picture of the relationship between elongation and DIF in A. thaliana, ADT also had to be taken into consideration. For both ®nal leaf length and ®nal stem length, linear regression analysis showed a signi®cant effect of not only DIF, but also of ADT and the interaction DIF Q ADT (Figs 3 and 5, respectively). According to their respective regression models, both ®nal leaf length and ®nal stem length were estimated to increase strongly with increasing DIF when ADT was low, whereas at high ADT, the effect of DIF was estimated to be almost zero (®nal leaf length) or even negative (®nal stem length). The estimated effect of F I G . 3. The effect of DIF (DT ± NT) and ADT (average daily temperature) on ®nal length of rosette leaf number ®ve of Arabidopsis thaliana. The functional relationship used to create the graph was: ®nal leaf length = 47´3 + 1´26 Q DIF ± 0´450 Q ADT ± 0´0500 Q ADT Q DIF; r 2 = 0´85. ADT on ®nal stem length was similar to that found in D. grandi¯ora . At negative DIF, internode length of D. grandi¯ora was predicted to increase as ADT increased, whereas at positive DIF, internode length was predicted to decrease. At all DIF values except ±10, ®nal leaf length of A. thaliana was predicted here to decrease with increasing ADT (Fig. 3) . Likewise, in Viola Q wittrockiana, leaf and petiole lengths decreased as ADT increased (Niu et al., 2000) .
Cellular studies of the stem
In agreement with previous work, plants that developed at DT/NT 12/22°C showed a reduction in epidermal and pith cell length compared with the opposite temperature regime ( Table 4 ). In L. longi¯orum, pith parenchyma and epidermal cell elongation was found to increase as DIF increased (Erwin et al., 1994) , and, in Campanula isophylla pith parenchyma cells (Strùm and Moe, 1997) , length decreased when the plants were grown at negative DIF compared with positive DIF. In the studies cited, cell width, measured on longitudinal sections, was unaffected by DIF. In contrast, the cells in the present study showed an enhancement of radial expansion. Similarly, in A. thaliana seedlings an enhanced transverse expansion of hypocotyl and cotyledon cells was found under high day and low night temperatures compared with the opposite regime (S. Torre, 2002, pers. comm.) . This con®rms that, in A. thaliana, alternating DT and NT affects cell expansion in both transverse and longitudinal directions.
In the study by Strùm and Moe (1997) , it was concluded that in C. isophylla the growth stimulation of positive DIF was a result of the production of more and longer cells. However, in a study of L. longi¯orum it was stated that the increased stem length of plants developed at positive DIF was due solely to longer, and not more, stem cells (Erwin et al., 1994) . The samples in the present study were taken only from the middle part of the stem, which gives an approximate estimate for the entire stem. Even so, the entire stem was almost 40 % longer at positive DIF than at negative DIF, and the measured cells were not more than 20 % longer. This suggests both more and longer stem cells, indicating that alternating DT and NT affects both cell elongation and cell division in A. thaliana¯ower stems. The ®ndings in L. longi¯orum (Erwin et al., 1994) may be explained as most stem cells had already developed in the shoots, and the growth that occurred during cultivation was mostly expansion (Miller, 1993) .
Temperature and endogenous levels of GAs and IAA
The endogenous content of the GAs in the non-13-hydroxylation pathway (GA 15 ®GA 37 ®GA 24 ®GA 9 ® GA 4 ) was generally higher than the content of the 13-hydroxylated GAs. This is in accordance with other studies of A. thaliana . Of all the 12 GAs analysed, only the endogenous content of the biologically inactive GA 29 was signi®cantly affected by DIF (Table 5) . This is not in accordance with earlier ®ndings for C. isophylla (Jensen et al., 1996) , Pisum sativum (Grindal et al., 1998b) and Begonia Q hiemalis (Myster et al., 1997a) . In all these studies it was determined that under positive or zero DIF, which gave increased internode or petiole elongation, the endogenous level of the bioactive GA (GA 1 ) was higher than under negative DIF. In P. sativum, a higher total GA concentration was found in apical buds, unexpanded leaves, and tendrils compared with GA 1 -responsive stem tissue (Smith et al., 1992) . Due to low GA concentrations in A. thaliana in the present study, it was impossible to analyse the GA content in apical buds alone. Different letters in the same line indicate signi®cant differences at the 5 % level.
* Values are means of data from one experiment only. In the replicate experiment, the pith cells in the centre of the stem had collapsed. This might have diluted possible GA concentration gradients in the tissue and masked possible differences in GA content between the two treatments. Although the present ®ndings indicate that the thermoperiodic¯ower stem elongation response was not mediated through altered GA levels, GA could still be involved through a change in GA sensitivity of the tissue. This has, however, not been supported in Fuchsia Q hybrida (Maas and van Hattum, 1998) . Alternatively, or in addition to GAs, other phytohormones such as IAA might be involved. In P. sativum, it has been suggested that, in addition to GA, IAA is an essential factor for stem elongation, and that the two hormones may control separate processes that together contribute to stem elongation (Yang et al., 1996) . A decapitation and application study has implied a role for auxin in the¯ower stem elongation rate of A. thaliana, and analysis of endogenous IAA-levels has suggested that IAA metabolism is an essential factor in the regulation of the circadian growth rhythm of the¯ower stem in this species (Jouve et al., 1999) . Furthermore, Gray et al. (1998) found that high temperature promoted dramatic hypocotyl elongation in light-grown A. thaliana seedlings, and that this temperature-induced growth response depended on IAA. The endogenous level of IAA in¯ower stems was 56 % higher under DT/NT 22/12°C than under DT/NT 12/22°C (Table 5 ), indicating that the observed thermoperiodic response on stem elongation in A. thaliana could be mediated through changed levels of IAA.
Brassinosteroids are another class of plant hormones that stimulates stem elongation (Mandava, 1988) , but they were not analysed in the present study. These hormones appear to promote not only cell expansion but also cell division in A. thaliana (Hu et al., 2000; Nakaya et al., 2002) , and could be involved in thermoperiodic stem elongation. The auxin and brassinosteroid de®cient lkb mutant of P. sativum was found to respond to DIF in a similar pattern to that of wild-type plants, but the response in the stem was weak compared with wild-type plants (Grindal et al., 1998b) .
Temperature and¯owering time
Genetic and molecular studies have revealed a network of interacting pathways controlling¯owering time in A. thaliana (Simpson and Dean, 2002) . This network includes pathways for environmental signals such as photoperiod, an extensive period of cold (vernalization), and light quality. Current work also suggests a pathway for control by ambient growth temperature. A study of wildtype plants and different¯owering time mutants of A. thaliana, grown under constant 23 or 16°C has suggested a 0´184  0´051  0´408  0´010  0´007  0´052  0´406  0´092  1´784  0´051  0´624  0´209  5´399  12/22  0´219  0´044  0´358  0´012  0´012  0´067  0´388  0´115  1´724  0´045  0´595  0´165  3´458  ANOVA  P value for temperature  0´083  0´426  0´180  0´641  0´005  0´594  0´416  0´897  0´623  0´736  0´605  0´370  0´001 The tissue was harvested after 5 d of temperature treatment.
Values are means of two experiments, each with two samples per treatment. role for the so-called autonomous pathway in sensing changes in ambient growth temperature that can affect the expression of the¯oral pathway integrator FT (¯owering locus) (Bla Âzquez et al., 2003) . Work by Halliday et al. (2003) has revealed that the classical early-¯owering phenotype of the phyB monogenic mutant of A. thaliana is temperature-dependent, occurring at 22°C but not at 16°C. This temperature-sensitive phytochrome control of owering also seems to operate through regulation of FT, but unlike the thermosensory pathway described by Bla Âzquez et al. (2003) , this pathway appears to operate independently of the¯oral repressor FLC (¯owering locus C) in the autonomous pathway. In the present work, NT had a stronger effect on¯owering time than DT (Table 6 ). This could mean that NT is perceived and transduced by genes other than DT. It certainly would be of interest to clarify which genes in the¯ower induction pathway are affected by daily temperature alternations.
